Dealloyed, that is, selectively leached Pt-based oxygen reduction reaction (ORR) nanoparticle catalysts have demonstrated previously unachieved initial reactivity and performance durability in single cell of PEM fuel cells. Dealloying is typically achieved using free corrosion in acid or electrochemical cycling. Here, we explore dealloying at constant electrode potentials of PtNi 3 bimetallic alloy nanoparticles at 5-7 nm and >20 nm size ranges. We investigate how Ni dissolution at four distinct electrode potentials affects the composition, morphology, and surface roughness of the resulting dealloyed catalysts. The electrode potentials cover the hydrogenadsorption, the double layer region, and the oxygenate adsorption region to examine whether adlayers affect the characteristics of the dealloyed catalysts. We show that large alloy nanoparticles invariably dealloy into porous nanoparticles with a relatively low Ni molar ratio of 0.4, while the smaller size particles show non-porous solid core-shell structures with a monotonic dependence between Ni at% and potential. We provide evidence that the dealloyed catalyst surface is strongly influenced by the presence/absence of adsorbed adlayers of hydrogen or oxygenates. In particular, data suggest that adsorbate adlayers modify the balance between Ni dissolution and Pt surface diffusion during the dealloying process resulting in rougher catalyst surfaces with enhanced surface area values. The development of active and stable catalysts for the electrochemical oxygen reduction reaction (ORR) is a major challenge for the commercialization of polymer electrolyte membrane fuel cells (PEMFC).
The development of active and stable catalysts for the electrochemical oxygen reduction reaction (ORR) is a major challenge for the commercialization of polymer electrolyte membrane fuel cells (PEMFC). [1] [2] [3] Theory has predicted and experiments have evidenced that the incorporation of d-metals into Pt not only increase the activity for the ORR but reduce the utilization of precious Pt. 4, 5 Nanoparticle catalysts with core-shell architectures consisting of a M-rich Pt-M (M = Ni, Co, Fe, Cu) in the particle core and a Pt-rich shell have attracted great attention for PEMFC due to their Pt cost-efficient nanostructure combined with intrinsic activity advantages. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] Since the time when previously unparalleled ORR catalytic activity was reported for Pt-skinned Pt 3 Ni (111) single crystal facets, 21 research has placed particular attention to spherical or shape-selected Pt-Ni nanoalloy ORR catalysts. 7, [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] At the same time, the concept of voltammetric dealloying of non-noble metal rich nanoparticles was discovered as an effective method to prepare core-shell nanoparticle catalysts. 20, [40] [41] [42] [43] [44] [45] Well-known in corrosion of bulk samples, dealloying of bimetallics had been extensively studied by -among others -the Erlebacher group. [46] [47] [48] The extent of the dealloying (porosity formation) in bulk samples is largely controlled by the ratio R between the Pt surface diffusion rate and the non-noble metal dissolution rate. Large values of R favor non-porous structures, while low values of R result in porous metals with characteristic ligament size. Combining dealloying strategies with a focus on Ni containing materials, we demonstrated that non-noble rich PtNi 3 precursor alloys exhibit high catalytic ORR activity when transformed into core-shell particles after electrochemical dealloying using cyclic voltammetry. 7, 38, 39 The dealloying processes leached out the active metals in the surface and resulted in the formation of a core@shell Pt-M@Pt structures. Enhanced activities were attributed to surface-lattice strain effects, possibly combined with electronic ligand effects. 30, [49] [50] [51] [52] Critical parameters affecting the core shell nanoparticle structure were the initial particle size, the initial composition as well as the dealloying conditions. It was demonstrated, that below a critical size of 12-15 nm non-porous "solid core-shell" particles emerge due to fast Pt surface atom diffusion. 48, 49 Above the critical size Pt diffusion rates drop and hence porosity formation is favored. 53 Virtually all previous work on dealloying of bimetallic nanoparticles has focused on voltammetric * Electrochemical Society Student Member.
* * Electrochemical Society Active Member. z E-mail: pstrasser@tu-berlin.de dealloying under potential cycling, or on free acid corrosion. This is why, in this work, we explore the structure and activity of dealloyed nanoparticles formed at constant electrode potentials. In particular, we follow the structural and morphological changes of PtNi 3 nanoparticles with 5-7 nm and >20 nm size ranges at a number of selected constant electrode potentials. The observed size-structure and potential -composition correlations are in excellent general agreement with earlier results on dealloying during potential cycling. A new key finding, however, is that adsorbed adlayers such as atomic hydrogen, or oxygenates have a strong influence on the dealloying process and the resulting surface characteristics of the dealloyed particles. • C for 1 hour. After the reaction mixture was cooled down to room temperature, 5 mL dichloromethane [99.8%, Merck] and 20 mL ethanol were added to the reaction mixture. Separately, 278.3 mg Vulcan XC 72R were mixed with 50-60 mL toluene and dispersed in an ultrasonic bath for 5 minutes. After 5 minutes 10 mL of pure Ethanol [99.8% VWR] was added and sonicated in ultrasonic bath for 1 minute. The reaction mixture was added to carbon suspension and stirred for 24 hours at room temperature. The product was centrifuged and washed 3-4 times with ethanol, followed by centrifugation and drying in freeze-dryer. The dried catalyst was heated in furnace in air atmosphere to 180
Experimental

Synthesis of
• C and hold there for 1 hour to remove surfactants, followed by 30 minutes in N 2 to remove residual oxygen. Then, a H 2 /Ar (4 vol % H 2 ) gas mixture was fed into the flow furnace for 30 minutes at 180
• C to remove residual nitrogen and then raised to 400
• C in order to reduce possible Ni oxides on the surface and enhance the atomic mixing of Ni and Pt.
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>20 nm PtNi 3 .-The >20 nm PtNi 3 nanoparticles were prepared through an organic solvothermal reduction method. In brief, Ni(acac) 2 (0.73 mmol), 1,2-tetradecanediol (0.15 mmol), oleylamine (4 mL), and adamantanecarboxylic acid (ACA, 3 mmol) were firstly dissolved in 10 mL diphenyl ether at 80
• C and then heated to 225
• C in N 2 . After that, 0.25 mmol of Pt(acac) 2 dissolved in 2 mL dichlorobenzene (DCB) was injected into the stirring solution and then reacted for 1 hour. The solution was then cooled down to room temperature under N 2 protection. The formed nanoparticles were centrifuged at 3000 rpm, then washed by ethanol, and finally mixed with high surface area carbon support in hexane. After centrifuged out of solution, the obtained catalyst was then annealed at 180
• C under air for 1 hour and then at 400
• C under H 2 /Ar for 4 hours.
Characterization of synthesized catalysts.-XRD.-X-ray diffraction patterns were collected using a D8 Advance -Diffractometer (Bruker) equipped with a Lynx Eye Detector and KFL Cu 2K X-ray tube. The diffraction profiles were collected in a 20-80
• 2 -range with step size of 0.05
• and a 5 s measurements time at every step. Electrochemical measurements.-Rotating disk electrode measurements were performed using an electrochemical cell equipped with counter-electrode (5 × 5 cm 2 furled Pt-mesh), referenceelectrode (saturated MMS Hg/Hg 2 SO 4 with a potential of E = +0.722 V vs RHE) and a glassy carbon working electrode (5 mm diameter, Pine Company) with the evenly applied catalyst on the surface. The working electrode potential was controlled with potentiostat Bistat SP-150 with low current option from BioLogic Science Instruments. The rotation of working electrode was controlled with a commercial AFMSRCE rotator (Pine Research). Electrochemical dealloying via cycling.-Electrochemical dealloying via cycling of the as-prepared catalyst was performed by cycling the potential between +0.06 and +1.0 V vs. RHE for 200 times with 500 mV · s −1 scan rate, the electrode insertion into electrolyte occurs under potential control 0.06 V vs. RHE. 53, [55] [56] [57] Electrochemical dealloying at constant electrode potentials.-Dealloying at constant potential was applied via lowering of the working electrode in 0.1 M HClO 4 deaerated electrolyte under applied potential +0.06, +0.4, +0.6 and +0.8 V vs. RHE respectively and held them for 24 hours at the given potential under N 2 or CO atmosphere. Hupd and CO based ECSA evaluations.-Hupd ECSA values were evaluated from the second cycle of total 3 cyclic voltammetry (CV) scans performed between +0.06 and +1.0 V vs. RHE with 100 mV · s −1 scan rate under nitrogen atmosphere. Hupd ECSA values were calculated with respect to theoretical value of Pt Q H,theo = 210 μC · cm −2 of one-electron transfer assuming on H atom per Pt surface atom. The voltammetric curves and ECSA values were repeated and reproduced three times.
The working electrode was immersed in nitrogen saturated electrolyte under applied potential +0.06 V vs. RHE. Nitrogen, then CO and then nitrogen were bubbled for 15 minutes for each gas under potential control. Two cycles of CO stripping measurement were performed between +0.06 and +1.0 V vs. RHE with 50 mV · s −1 scan rate in nitrogen saturated electrolyte. CO-based ECSA values were evaluated from the CO oxidation integral (first cycle) between +0.6 and +1.0 V vs. RHE subtracted by the integral in the second cycle between +0.6 and +1.0 V vs. RHE. The measured charge Q CO was then normalized using the theoretical value of Q CO theo = 420 μC · cm −2 for a two-electron transfer assuming the oxidation of one CO to CO 2 per Pt atom.
Gases purities of N 2 and CO were 99.998% and 99.997% respectively. The gases were ordered from Air Liquide Deutschland GmbH. All electrochemical measurements were performed three times employing three independently prepared catalyst inks to obtain experimental error estimates.
Results
Following previously described solvothermal synthesis methods, 39, 54 PtNi 3 alloy nanoparticles with 5-7 nm and >20 nm diameter were prepared. Size control was achieved based on specific structure-directing agents and capping ligands.
Figures 1a and 1c present the XRD profiles of the carbon-supported 5-7 nm and >20 nm bimetallic 14.8 Pt-based wt% Pt 27 Ni 73 nanoparticle catalysts. The PtNi 3 nanoparticles were generally well-alloyed comprising a single phase. No superlattice reflexes in [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] • range were observed pointing to a disordered alloy with face-centered-cubic (fcc) symmetry. Figures 1b and 1d represent bright-field TEM images of the catalysts. The data suggest a quite homogeneous particle distribution on the carbon support with acceptable particle monodispersity. There is no evidence for a preferred particle shape or morphology, with Figure 1d reflecting some degree of surface faceting of the larger particles. For the 5-7 nm sized particles, the TEM-based mean particle size was 6.29 ± 2.0 nm, which was found larger than the XRD-derived crystallite size estimate of 3.3 nm. Even after accounting for inaccuracies of the Debye-Scherrer-equation 58 and an estimated error of about 15% of the TEM evaluations, this results suggests the presence of an additional X-ray amorphous phase, possibly Ni surface oxide, in agreement with earlier findings of Ni rich PtNi nanoparticles. 35, 36 In order to convert the PtNi 3 bimetallic Pt alloy precursor nanoparticles into catalytically active dealloyed Pt-Ni catalysts, voltammetric potential steps with 24 h holding time were used and compared to dealloying using voltammetric cycling. As illustrated in Figure 2a , we selected 4 distinct electrode potentials, +0.06 V vs. RHE, +0.4 V vs. RHE, +0.6 V vs. RHE and +0.8 V vs. RHE (see dashed vertical lines) spread across the voltage range of a typical cyclic voltammogram of Pt-based alloys. The choice of the dealloying potential values was done such as i) to test the hypothesis whether increasingly positive electrode potential would indeed lead to increasing Ni dissolution rate as predicted by the Butler Vollmer relation, ii) to check whether increasing Ni dissolution rates (decreasing values of R) induce the formation of nanoporosity, iii) to investigate whether increasing Ni dissolution rates increase the surface roughness of the nanoparticles and hence their ECSA values, and iv) to include the electrode potential ranges associated with surface oxygenate formation (>0.7 V vs. RHE), the double layer region (0.4-0.6 V vs. RHE), and the range of underpotential deposition/stripping of atomic hydrogen, Hupd, (0.05-0.4 V vs. RHE).
To assess and compare the surface roughness after dealloying at varying constant potentials, Figure 2b reports the measured ECSA values for the 5-7 nm Pt-Ni nanoparticles at the end of the 24 h potential holds and compares them to the value obtained after potential cycling. With increasing potentials, the ECSA values first decrease with a minimum at +0.4 V before they monotonically increased again. The highest ECSA value was observed for dealloying under potential cycling.
Taking the ECSA value as a measure for the roughness of the particle surface, the observed data suggest that Ni dissolution in the double layer region, where the amount of specifically adsorbed surface species is minimal, resulted in dealloyed particles with smoother surface compared to Ni dissolution in potential regions with a substantial presence of surface adsorbed oxygenates or atomic hydrogen.
For the dealloyed >20 nm Pt-Ni nanoparticles, the ECSA values were almost independent of dealloying conditions ranging at 22 m 2 · g
−1
Pt at all constant electrode potentials as well as under potential cycling.
According to basic electrochemical kinetics the Ni dissolution rate increases monotonically with the applied positive overpotential. Concomitantly, however, the coverage of surface oxygenates, such as water, OH or O, increased, thus Ni dissolution kinetics and adsorbate coverage are coupled processes on the anodic cyclic voltammogram. In order to decoupled the effects of overpotential-dependent oxygen coverage and Ni dissolution on the resulting roughness and dealloying process, we designed and conducted four additional measurements. We picked two constant electrode potentials of +0.4 V and +0.6 V/RHE. Each potential comes with a specific Ni dissolution rate and oxygen coverage (very small at +0.4 V if any, while some water activation possible or likely at +0.6 V). We dealloyed our 5-7 nm PtNi3 particles at these two distinct potentials for 6 h. In order to study the effect of adsorbates on the dealloying process, we performed these experiments during bubbling, and, in a separate experiment, during CO bubbling. After a dealloying time of 6 hours at the two constant potentials, 2 CVs were performed for ECSA evaluation and these values are presented in Figure 2c . In N 2 bubbling, the ECSA values were found to be 11.5 m 2 · g -1 and 17.6 m 2 · g -1 at constant electrode potentials of 0.4 V and 0.6 V, respectively, and are thus in line with the data in Figure 2b . Catalysts treated at +0.4 V and +0.6 V under CO bubbling, however, showed much larger ECSA values of 21.6 m 2 · g -1 and 20.1 m 2 · g -1 respectively. Thus, Figure 2c evidences that the presence of CO increases the ECSA and therefore the roughness of the dealloyed particle surfaces. Due to the enhanced Ni dissolution rate at 0.6 V, the ECSA values tend to be generally larger than at +0.4 V, given there is no interference by adsorbates such as CO. Figure 3a compares the initial Ni content in the precursor alloy with the residual Ni contents for the various dealloying conditions for 5-7 nm PtNi3 nanoparticles (black squares) and for the >20 nm PtNi 3 nanoparticles (red circles). Independent of particle size, potential cycling resulted in the lowest residual Ni content of about 40 at%, in line with the highest ECSA value. On the other hand, independent of constant dealloying potential, the dealloyed >20 nm nanoparticles essentially displayed a Ni content of 40-45 at%. For the 5-7 nm alloy particles, a monotonic correlation between dealloying potential and Ni content is evident.
The trend confirmed our hypothesis that increasing electrode potentials accelerated the Ni dissolution and thus resulted in less Ni. Following our experimental sequence above, we also evaluated the composition of the dealloyed Pt-Ni particles after our constant dealloying experiments at +0.4 V and +0.6V in absence and presence of CO. Figure 3b compares the atomic Ni content after 6 h dealloying at constant electrode potential at 0.4 V and 0.6 V vs. RHE under N 2 (black bars) and CO (blue bars) bubbling. Catalysts, which were dealloyed in presence of CO adsorbates, show lower Ni content in the final alloy suggesting an enhanced Ni dissolution in the presence of CO adsorbates.
To correlate constant Ni dealloying with catalyst particle morphology, we collected TEM images of the final particles at 0.06 V, 0.4 V and 0.8 V vs. RHE for the 5-7 nm (Figure 4a-4c ) and the >20 nm particles (Figure 4d-4f) . Regardless of applied electrode potential, no porosity formation was observed for the 5-7 nm precursor. In direct contrast, porosity formation was obvious for the >20 nm nanoparticles at the three constant electrode potentials. 
Discussion
Single-phase PtNi 3 alloy nanoparticles were dealloyed at different constant electrode potentials and the physicochemical properties of the dealloyed particles were compared to those after dealloying during potential cycling. In acidic electrolytes, metallic Ni phases are unstable due to its relatively low standard dissolution potential of E 0 = -0.257 V vs. NHE. 59 In bimetallic Pt alloys, the thermodynamic Ni dissolution potential is typically more positive depending on the chemical environment of the surface Ni atoms. 60 Consistent with expectations from basic electrochemical kinetics, the compositional data in Figure 3 evidenced that the Ni dissolution rate for the 5-7 nm PtNi 3 nanoparticles was predominantly controlled by the applied constant electrode potential in the +0.06 to +0.8 V vs. RHE range: more positive electrode potentials resulted in larger Ni dealloying rates and thus decreasing final Ni content. In comparison, dealloying using short potential cycling protocols up to +1.0 V caused faster Ni dissolution resulting in lower final Ni contents. This confirmed that even short-term potential cycling to high anodic electrode potential selectively removes Ni more effectively than potential steps. [61] [62] [63] [64] Following recent studies on metal alloy corrosion, we conclude that voltammetric cycles do not allow for the catalyst nanoparticle surface to attain a partially passivated, oxidized state; instead, it is conceivable that the repetitive oxidative adsorption and reductive desorption of hydrogen and oxygenated surface species combined with rapid Pt surface diffusion is conducive to rapid Ni dissolution reaching deeper into the bulk of the alloy particles. For the >20 nm nanoparticles, Ni dealloying in Figure 3 appeared to proceed very rapidly at all electrode potentials as well as during potential cycling. To rationalize this striking difference between the 5-7 nm and the >20 nm Pt-Ni particles, we refer to the commonly accepted theory and mechanism of porosity evolution in bulk and nanoscale metals during selective metal dealloying. Following the work on dealloying of bimetallic bulk alloys, advanced over the past decades by Sieradzki, Bard, Erlebacher and others, the dealloying process is controlled by the competition between the surface atomic dissolution of the less noble and the surface atomic diffusion of the more noble component. The ratio R of the latter to the former process determines whether bulk dealloying is possible at sufficiently positive electrode potentials, given that the alloy exceeds the Ni atomic parting limit, that is a minimal Ni content required for bulk dealloying. 34, 49, 53 Large Pt diffusion rates help rapidly fill and smoothen out statistically occurring surface atomic vacancies caused by surface Ni atomic dissolution. Yet, if Ni dissolution is sufficiently fast, surface Ni atom dissolution proceeds rapidly layer-by-layer deeper into the bulk, exposing a large number of low coordinated Pt atoms on the surface, which diffuse to nearest Pt-rich step-edges and form Pt-rich "mounds" that later develop into metallic pores.
Recently, Oezaslan et al. 53 and later Gan et al. 49 showed that porosity evolution at the nanoscale is also controlled by the particle size of the precursor alloy. For a given alloy nanoparticle composition above the parting limit, they uncovered a critical particle size below which nanoporosity fails to emerge. In the morphology-controlling competition between Ni surface dissolution and Pt surface diffusion, Pt surface diffusion rates tend to be larger for small particle sizes and thus precluding nanoporosity evolution (large values of R). For larger particle sizes, the Ni dealloying rate becomes larger relative to Pt surface diffusion, which lowers R. As a result of this, Ni dissolution is no longer confined to a few atomic layers at the surface, but instead reaches deeper into the particle bulk resulting in nanoporosity, as seen for the >20 nm particles in Figure 4 . We conclude that there exists such a critical Pt-Ni particle size between 6 and 20 nm, above which nanoporosity is favored. Further, if nanoporosity is possible based on the morphology (particle size) and composition of the precursor particles, neither the electrode potential, nor the dealloying format (cycling versus constant potential) appear to substantially affect the resulting Ni content of about 40 at% (see Figure 3) .
Finally, we turn to the discussion of the relation between the experimentally observed electrochemically accessible active surface area (ECSA) of the dealloyed Pt-Ni catalysts and the applied dealloying electrode potentials. The ECSA of a catalyst is conventionally taken as a mass-normalized measure for the number of active surface sites accessible under reaction conditions, and as such is a fundamental parameter determining the activity of the Pt based catalyst. In case of Pt electrocatalysts, ECSA values are obtained from Pt-specific chemisorption experiments yielding a measure of the accessible Pt surface atoms. As such, the ECSA is closely related to the effective surface roughness of the Pt catalyst. Since the Ni surface dissolution rate and the total dissolved Ni amount increase at more positive electrode potentials and since this is associated with increasing structural disruption of the original alloy surface atomic arrangement, it is plausible to expect enhanced surface defect density and, as a consequence, more pronounced surface roughness at more anodic dealloying potentials. In contrast to this expectation, data in Figure 2 evidenced a non-monotonic trend between the surface roughness and more anodic dealloying potentials, where the surface roughness inside the double-layer potential range remained significantly lower than that in the atomic hydrogen ad-and desorption range or in the range of oxygenate ad/desorption. Other dealloying experiments in the double layer region (Figure 2c ), performed in absence and presence of strongly adsorbing CO molecules, evidenced that the adsorption of CO substantially increased the resulting ECSA value and roughness. The ECSA increase was more pronounced at +0.4 V, where the surface adsorption is believed to be minimal, compared to +0.6 V where some water surface adsorption may be occurring.
To rationalize this experimental observation we advance the hypothesis that the presence of surface adsorbates at relatively high coverages near one full monolayer, such as H ad at cathodic electrode potentials, or surface oxygenates, such as OH ad , or O ad at more anodic electrode potentials may affect or even alter both the Ni dissolution rate and the Pt surface diffusion rate. As a result of this, the effective ratio R of the rates of Ni dissolution and Pt diffusion may vary. Based on the dealloying theory outlined above, variations in R affect the surface morphology, roughness, and thus the apparent ECSA. Society, 162 (4) F403-F409 (2015) Indeed, some earlier studies provided evidence, that monolayers of chemisorbed hydrogen, H ad , lowered the Pt surface diffusion. 65, 66 In addition, reports on oxygenate chemisorption-induced segregation of subsurface metal (Co, Ni) 67 resulting in enhanced Ni dissolution rate further support our hypothesis. It is therefore conceivable that dealloying at constant electrode potentials inside the H underpotential deposition (Hupd) range, occurs under conditions of reduced Pt diffusion rates and this results in a more defected, rougher dealloyed surface with increased ECSA characteristics, as observed in Figure 2 . On the anodic end of the potential range considered, oxygenates chemisorbed on Pt could enhance the Ni dissolution, while hindering effective Pt atom diffusion, resulting in enhanced ECSA values. In absence of surface adsorbates low coordinated Pt atoms show enhanced diffusivity and fill vacancies left behind by dissolved Ni atoms. Consequently, we observed the smallest ECSA value at +0.4 V inside the double-layer region. Further support for the hypothesis that adsorbed adatoms slow down Pt diffusion, and thus further enhanced Ni dissolution and larger ECSA values follows from the data presented in Figure 2c and 3c. There, CO adsorbed on Pt surface atoms, slowed down their diffusion and contributed to a higher ECSA value and lower Ni content compared to the identical dealloying experiment in absence of CO. The compositional and surface area effect is particularly pronounced at +0.4 V where the amount of surface adsorbates is minimal under inert gas conditions. We note that at very low adsorbate coverages opposite effects on Pt surface diffusion was reported [68] [69] [70] due to weakened bonding of individual Pt surface atoms coordinated to an adsorbate. Considering the high adsorbate coverages under the present conditions, this mechanism is rather unlikely to apply here.
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Conclusions
We have investigated how electrochemical dealloying of 5-7 and >20 nm-sized PtNi 3 nanoparticles at various constant electrode potentials affects the composition, morphology, and surface roughness of the nanocatalysts. The particle size and the ratio, R, between Pt surface diffusion and Ni dissolution are microscopic parameters controlling the particle surface roughness, composition, and morphology. Smaller values of R favor surface roughness and lower the final Ni content. Given sufficiently anodic electrode potentials, porosity formation is largely controlled by particle size and occurs at larger particle sizes. A plausible link between the adlayer-controlling electrode potential, the effective Pt surface diffusion rate and the resulting surface roughness was highlighted.
More specific conclusions include:
r In agreement with electrochemical kinetics, the Ni dissolution rate increased monotonically, while the Ni content decreased monotonically with more positive applied overpotential for the 5-7 nm-sized PtNi 3 nanoparticles. In contrast, for the >20 nm nanoparticles the Ni dissolution process proceeded more rapidly and resulted in a lower Ni content (Pt 60 Ni 40 ) and porous particles, independent of dealloying potentials or conditions. Assuming lower Pt surface diffusion rates on larger alloy particles, this underlines the controlling effect of the ratio R between Pt diffusion and Ni dissolution for the final catalyst morphology and composition.
r The roughness of dealloyed non-porous (here the 5-7 nm-sized) particles generally increases monotonically with more anodic dealloying potentials. This is explained by increasing Ni dissolution rates (roughening effect) relative to Pt surface diffusion (smoothening effect).
r The presence of surface adsorbates at high coverages (such as H ad ) may lower the Pt diffusion rate and thus lower the ratio R leading to enhanced surface roughness. At electrode potentials with low surface adsorbate coverages in the double layer region the particle roughness after dealloying is minimized.
